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Volatile Semiochemicals Released from Undamaged 
Cotton Leaves 

A Systemic Response of Living Plants to Caterpillar Damage 

Ursula S. R. Rose’, Ara Manukian’, Robert R. Heath, and James H. Tumlinson* 
lnsect Attractants, Behavior and Basic Biology Research Laboratory, United States Department of Agriculture, 

Agricultura1 Research Service, 1700 Southwest 23rd Drive, Gainesville, Florida 32604 

Cotton plants (Gossypium hirsutum L.), attacked by herbivorous 
insects release volatile semiochemicals (chemical signals) that at- 
tract natural enemies of the herbivores to the damaged plants. We 
found chemical evidence that volatiles are released not only at the 
damaged site but from the entire cotton plant. l h e  release of 
volatiles was detected from upper, undamaged leaves after 2 to 3 d 
of continuous larva1 damage on lower leaves of the same plant. 
Compounds released systemically were (B-3-hexenyl acetate, (O- 
/3-ocimene, linalool, (€)-4,8-dimethyI-1,3,7-nonatriene, (O-p-far- 
nesene, (f,f)-cY-farnesene, and (f,O-4,8,12-trimethyl-l,3,7,11- 
tridecatetraene. All systemically released compounds are known to 
be induced by caterpillar damage and are not released in significant 
amounts by undamaged plants. Other compounds, specifically in- 
dote, isomeric hexenyl butyrates, and 2-methylbutyrates, known to 
be released by cotton in  response to  caterpillar damage, were not 
released systemically. However, when upper, undamaged leaves of 
a caterpillar-damaged plant were damaged with a razor blade, they 
released isomeric hexenyl butyrates, 2-methylbutyrates, and large 
amounts of constitutive compounds in  addition to the previously 
detected induced compounds. Control plants, damaged with a razor 
blade in the same way, did not release isomeric hexenyl butyrates or 
2-methylbutyrates and released significantly smaller amounts of 
constitutive compounds. lndole was not released systemically, even 
after artificial damage. 

Plants under herbivore attack release volatile com- 
pounds that can serve as cues that attract predators (Dicke 
and Sabelis, 1988; Dicke et al., 1990a, 1990b; Takabayashi et 
al., 1991) and parasitic wasps (Turlings et al., 1990, 1991~1, 
1991b; McCall et al., 1993) to the vicinity of their herbivo- 
rous prey or host. Volatiles released from plants under 
attack can therefore benefit both the plant, by attracting 
natural enemies of the herbivores that feed on its foliage, 
and the parasitoid, by indicating the presence of a potential 
host on the plant. However, volatiles released by plants 
immediately after the beginning of feeding damage (”fresh 
damage”) do not differ from volatiles released by plants 
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artificially damaged with a razor blade (Turlings et al., 
1990; U.S.R. Rose, unpublished data). Early stages of plant 
damage are characterized by the release of ”green leafy” 
volatiles [ (Z)-3-hexenal, (Z)-3-hexenol, (Z)-3-hexenyl ace- 
tate] and some plant-specific, constitutive compounds. 

Cotton (Gossypium hirsutum L.) plants store large 
amounts of monoterpenes and sesquiterpenes (Loughrin et 
al., 1994) in lysigenous glands (Elzen et al., 1985). These 
constitutive compounds, as well as the green leafy vola- 
tiles, are released immediately when the plant is damaged. 
Then, after several hours or on the next day of herbivore 
damage (”old damage”), the plants start to release herbi- 
vore-induced compounds and will continue to release 
these compounds for at least 3 d if damage continues 
(Loughrin et al., 1994). In cotton, several of these induced 
compounds are acyclic terpenoids [e.g. (E)-P-ocimene, (E)- 
p-farnesene, (E,E)-a-farnesene, linalool, (E)-4,8-dimethyl- 
1,3,7-nonatriene, and (E,E)-4,8,12-trimethyl-1,3,7,ll-tride- 
catetraene]. Compounds induced by insect herbivore 
damage also include (Z)-3-hexenyl acetate, indole, isomeric 
hexenyl butyrates, and 2-methylbutyrates (Loughrin et al., 
1994; McCall et al., 1994). 

The release of inducible terpenes [ (E)-P-ocimene, (E)-4,8- 
dimethyl-1,3,7-nonatriene, (E)-p-farnesene, and (E,E)-a-far- 
nesene] in cotton follows a diurna1 cycle, with a peak emis- 
sion of volatiles in the early afternoon (Loughrin et al., 1994). 
The timing of the plant signal coincides with the time of active 
foraging behavior of parasitic wasps (Turlings et al., 1995). 
For example, the highest flight activity for foraging of the 
braconid parasitoid Cardiochiles nigriceps occurred in the mid- 
dle of the day in fields of cotton and beggarweed (Desmodium 
purpureum) (Snow and Burton, 1967; Lewis et al., 1972). 

Severa1 parasitoids and predators are known to exploit 
herbivore-induced compounds to lead them to those plants 
where they are likely to encounter a host or prey, as for 
example the generalist parasitic wasp Cotesia marginiventris 
on corn (Turlings et al., 1990), the specialist parasitic wasp 
Microplitis croceipes on cotton (McCall et al., 1993), and the 
predatory mite Phytoseiulus persimilis in lima beans (Dicke 
and Sabelis, 1988; Dicke and Dijkman, 1992). Since artificial 
damage alone does not elicit the release of significant 
amounts of induced compounds, those induced volatiles 
are a reliable indicator to the parasitoid and predator of a 
herbivore-damaged plant. 
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Behavioral studies indicate that even undamaged parts 
of a damaged plant can be attractive to predators (Dicke 
and Sabelis, 1988; Dicke et al., 1990a, 1990b; Takabayashi et 
al., 1991) and parasitoids (Nade1 and van Alphen, 1987; 
Turlings and Tumlinson, 1992). Those plant parts do not 
have to be damaged to release volatiles that attract natural 
enemies of herbivores. 

Chemical evidence for a systemic response of corn plants 
to beet armyworm regurgitate, applied on artificially dam- 
aged corn seedlings, was reported by Turlings and Tum- 
linson (1992). Terpenoids released systemically from those 
corn seedlings were linalool, (3E)-4,8-dimethyl-1,3,7-non- 
atriene, and (3E, 7E)-4,8,12-trimethyl-1,3,7,ll-tridecatet- 
raene. In later experiments with corn seedlings, (Z)-3-hex- 
enyl acetate, indole, a-trans-bergamotene, (E)-P-farnesene, 
and (E)-nerolidol were also found to be released systemi- 
cally (Turlings, 1994). The release of these compounds is 
known to be induced by herbivore-feeding damage on 
corn. 

Since herbivore-induced emissions of plant volatiles ap- 
pear to play a very important role in the foraging behavior 
of parasitoids and predators, we conducted experiments 
with living cotton plants to investigate the volatiles re- 
leased from undamaged parts of a caterpillar-damaged 
plant. As far as we know, no previous study has shown 
chemical evidence for a systemic release of caterpillar- 
induced volatiles from intact, living plants. To determine 
the release pattern of cotton volatiles from undamaged 
leaves in response to caterpillar damage on the lower 
leaves of the plant, we monitored the volatile emission over 
a period of 4 d. Our experimental design excludes any 
possibility of adsorption of volatiles from the damaged site 
by the undamaged leaves of the injured plant. 

MATERIALS AND METHODS 

Plants 

Approximately 6-week-old cotton plants (Gossypium hir- 
sutum L. [Malvaceae], var Deltapine acala 90) with eight 
fully developed leaves in addition to the two cotyledons 
were used in a11 experiments. Cotton was reared in a green- 
house in a potting soi1:vermiculite mixture (3:l) with nat- 
ural light, under Florida summer conditions (14 h:10 h 
1ight:dark photoperiod, 85 t 10% RH, and 35? 10OC). Each 
cotton seedling was planted in a 16-cm-diameter pot. 

lnsects 

Beet armyworm (Spodoptera exigua, Hiibner [Noctuidae]) 
larvae were obtained from the U.S. Department of Agricul- 
ture rearing facilities in Gainesville, FL. They were reared 
on an artificial diet, based on pinto beans, according to the 
method of King and Leppla (1984). To encourage immedi- 
ate feeding after being placed on the plants, third-instar 
larvae were starved for 24 h prior to a11 experiments. 

Volatile Collection from Undamaged Leaves 

Volatile chemicals were collected daily from living cot- 
ton plants over 4 consecutive d in the greenhouse. Each day 

two continuous 3-h volatile samples were taken at times 
when partially damaged plants emitted a maximum of 
volatiles (12-3 and 3-6 PM; Loughrin et al., 1994). Four beet 
armyworm larvae were allowed to feed only on the lower 
four leaves of a cotton plant, while volatiles were collected 
from a11 four undamaged upper leaves. Volatiles were also 
collected simultaneously from the upper leaves of an un- 
damaged control plant under identical conditions (Fig. 1). 

To collect volatiles from the undamaged parts of a cat- 
erpillar-damaged plant (systemic treatment; designated 
SYST) and a control (designated CTRL) plant, the upper 
four leaves of each plant were enclosed in separate "guil- 
lotine" volatile collection chambers that were part of an 
automated volatile collection system previously described 
(Manukian and Heath, 1993; Heath and Manukian, 1994). 
Briefly, the guillotine collection assembly consisted of an 
air inlet diffuser cap containing multiple layers of a com- 
pressed charcoal-infused medium used for air purification 
and laminar flow (Heath and Manukian, 1992) and a large 
glass chamber (400-mm-long X 152-mm-0.d. X 4-mm-thick 
Pyrex glass) on top of a multiport guillotine base. The 
multiport guillotine base contained concentric gas-sam- 
pling ports and two Teflon-coated removable blades that 
closed off the collection chamber in a guillotine-like fashion 
around the stem of the plant, leaving only a small opening 
for the stem where the blades were fitted together. This 
system allows for the collection of volatiles from the upper 
portion of the cotton plants while completely isolating the 
lower section of the plant where caterpillars are feeding in 
the systemic treatment (Fig. 1). 

Purified air entered the system through the air diffuser 
inlet on top of the glass chamber at a controlled rate of 5 
L/min. Volatile collector traps (150 mm long X 5 mm o.d.), 
containing 50 mg of Super-Q (catalog no. p / n  2735; Altech 
Associates, Deerfield, IL) as an adsorbent, were inserted in 
the side sampling ports located symmetrically around the 
base of the multiport guillotine base. Volatiles emitted 
from the upper portion of the cotton plant enclosed within 
the glass chamber were swept downward by the incoming 
pure laminar air flow. They were sampled at the bottom of 
the chamber by pulling air at a rate of 1 L / min through the 
volatile collection traps from a controlled vacuum source 
attached to each volatile collector trap from the automated 
volatile collection system. Thus, 20% of the air passed 
through the collector traps during the 3-h collection period. 
The remaining 80% of excess air escaped through the open- 
ing at bottom of the guillotine around the stem of the plant, 
which was loosely plugged with cotton balls to prevent any 
abrasion of the plant stem on the guillotine blades. This 
positive-pressure venting provided a barrier against a11 
ambient air and prevented volatiles from the lower, dam- 
aged part of the plant from entering into the collection 
chamber containing the upper, undamaged part of the 
plant (Fig. 1). 

For the systemic treatment, two caterpillars per leaf were 
enclosed on the lower leaves of the plant, in a cage con- 
sisting of halves of a Petri dish. A circle was cut out of both 
sides of the Petri dish and covered with gauze to allow 
ventilation. A Styrofoam ring cushioned each side of the 
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Figure 1. Apparatus used to collect volatiles from the undamaged, upper leaves of a systemically induced cotton plant 
(SYSTEMIC) and undamaged control leaves (CONTROL). Clean, humidified air entered the glass collection chamber through 
the top and swept over the upper leaves enclosed in the glass chamber, carrying the released volatiles downward. Twenty 
percent of the volatiles were pulled through one of the collector traps containing Super Q adsorbent. Excess air escaped 
through the guillotine-like bottom of the chamber, around the stem of the cotton plant, preventing air from entering the 
collection system. Beet armyworm larvae were caged around two of the lower leaves. Each cage consisted of halves of a 
modified Petri dish that were clamped together. SS, Stainless steel. 

cage that touched the leaf to prevent abrasion of the leaf. 
The cage was clamped together with curl clips and sup- 
ported by bamboo sticks. A total of four beet armyworms 
were placed on the lower leaves of the cotton plant on d 1 
at 11 AM and were replaced with new, starved larvae every 
day for 5 d. On d 3 both cages were moved to new leaves 
to avoid the complete consumption of the leaf. In control 
experiments, empty cages were clamped on the bottom 
leaves of control plants for 5 d and volatiles were collected 
from the top leaves. 

Volatile Collection from Artificially Damaged Leaves 

On d 5 the top parts of the systemic treatment and the 
control plants, each with four leaves, previously used for 
volatile collection were cut off at the stem, and then these 
leaves were artificially damaged with a razor blade. Imme- 
diately, the artificially damaged systemic treatment (ART- 

SYST) and the artificially damaged control (ART-CTRL) 
leaves were placed in separate volatile collection chambers 
in the laboratory and volatiles were collected from 12 to 3 

The laboratory volatile collection system modified 
from that of Turlings et al. (1991b) consisted of two 
parallel glass chambers, each made of two separate parts. 
The first part of each glass chamber consisted of a 5-cm- 
long, 0.5-cm-0.d. inlet, which widened into a section 
(10-cm-long section, 3 cm 0.d.) containing a glass frit to 
assure laminar air flow. The second part, containing the 
plant sample, was 15 cm long (3.8 cm 0.d.) with a 5-cm- 
long (0.5 cm 0.d.) outlet. Both parts of each glass cham- 
ber had fitting glass ball joints that were clamped to- 
gether. A volatile collection trap (6 cm long, 0.5 cm 0.d.) 
with 25 mg of Super-Q adsorbent was connected to the 
0.5-cm outlet with a brass Swagelok fitting (Crawford 

PM. 
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Fitting Co., Niagara Falls, Ontario, Canada) containing 
Teflon ferules. To collect volatiles with the push-pull 
system, humidified air purified with an activated char- 
coa1 filter was blown through the glass chambers and 
exited through a volatile collection trap. An equal air- 
flow of 600 mL/min through each chamber was con- 
trolled by flowmeters (Aalborg Instruments, Monsey, 
NY) downstream of the collection filters and connected 
to a vacuum. 

Sample Analysis 

Volatiles were extracted from the collector traps by 
washing with 170 pL of methylene chloride (capillary GC/ 
GC-MS solvent, Burdick and Jackson, Muskegon, MI) for 
traps containing 25 mg of adsorbent and 200 p L  for traps 
containing 50 mg of adsorbent. Interna1 standards were 
added (600 ng each of n-octane and nonyl acetate in 60 pL 
of methylene chloride) to the extract. Of each collection 
sample, 1 pL was analyzed on a Hewlett-Packard model 
5890 gas chromatograph. Samples were injected by a 
Hewlett-Packard auto injector model 7673 in on-column 
mode. The gas chromatograph was equipped with an on- 
column capillary injector system and flame ionization de- 
tector. Data collection, storage, and subsequent analysis 
were performed on a Perkin Elmer chromatographic data 
system. Helium at a linear flow velocity of 19 cm/s was 
used as a carrier gas. AI1 samples were analyzed on a fused 
d ica  capillary column (Quadrex Corporation, New Haven, 
CT), 50 m X 0.25 mm i.d., with a 0.25-pm-thick film of 
bonded methyl silicone. The temperature of the column 
oven was maintained at 50°C for 3 min and then increased 
at a rate of 7"C/min to a final temperature of 190°C and 
maintained at 190°C for 10 min. The injector temperature 
was tracked by the oven temperature and set 3°C higher 
than the oven temperature. The detector temperature was 
set at 275°C. For better separation, volatiles collected from 
artificially damaged leaves were also analyzed on a DB5MS 
column (J&W Scientific, Folsom, CA), 30 m X 0.25 mm i.d., 
with a 0.1-pm-thick film of bonded methyl silicone with 5% 
phenyl. The column oven was maintained at 40°C for 3 min 
and then programmed at 5"C/min to 220"C, which was 
maintained for 10 min. The injector and detector tempera- 
tures were set as described above. 

To identify compounds, volatiles were analyzed by 
GC-MS with a Finnigan (San Jose, CA) ITS-40 Magnum 
(ion-trap) mass spectrometer operated in electron impact 
and chemical ionization modes. For GC-MS the same 
DB5MS was used with helium as a carrier gas, and for 
chemical ionization isobutane was used as the reagent gas. 
Constituents of the plant volatile emission were identified 
by comparison of mass spectra with spectra in the Envi- 
ronmental Protection Agency-National Institutes of Health 
database, the Environmental Protection Agency-National 
Institute of Standards and Technology database, and spec- 
tra obtained of authentic compounds. Also GC retention 
times of plant volatiles were compared with GC retention 
times of those authentic compounds on the methyl silicone 
column and the DB5MS column. 

Statistical Analysis 

Since the amounts of the various volatiles released per 
plant frequently decreased below detectable limits, the as- 
sumption that these amounts are normally distributed is 
unreasonable. Therefore, changes in amounts of volatiles 
released per plant over time and differences between SYST 
and CTRL (or ART-SYST and ART-CTRL) amounts of vola- 
tiles released per plant were analyzed nonparametrically. 
The Mann-Whitney U test was used to determine the sig- 
nificance of daily differences in volatile amounts between 
five SYST and five CTRL leaf replicates and also between 
the five ART-SYST and five ART-CTRL replicates. An exact 
form of the Friedman rank sum test with adjustment for 
pairwise multiple comparisons (Hollander and Wolfe, 
1973) was used to determine separately the significance of 
changes in SYST and CTRL volatile amounts released on d 
2, 3, and 4 relative to the amounts released on d 1. Com- 
parisons yielding a P value 10.05 were considered to be 
statistically significant. In keeping with the nonparametric 
analytic approach to the data, observed volatile amounts 
were summarized by the median and corresponding range 
(minimum-maximum) for each treatment condition. 

RESULTS AND DISCUSSION 

Systemic Volatile Release 

Volatiles released systemically from the cotton plants 
from 12 to 3 PM were not significantly different from those 
collected from 3 to 6 PM. Therefore, we present only data 
from collections from 12 to 3 PM in Table I. 

During the first hours of feeding damage on d 1, the 
undamaged leaves of both the treated and the control 
plants released only small amounts of volatiles (Fig. 2, d 1; 
Table I). On d 2, after continuous feeding damage by beet 
armyworm larvae on the lower leaves for 24 h, (2)-3- 
hexenyl acetate, linalool, and (E)-4,8-dimethyl-1,3,7-non- 
atriene were released in significantly higher amounts from 
the undamaged leaves of the caterpillar-damaged plant 
(SYST) compared to the undamaged control (CTRL) leaves 
(Table I; Fig. 2, d 2). The range of the amounts of com- 
pounds detected on d 2 varied between the plants from 
each replicate. Although SYST leaves from most plants did 
not release (E)-P-farnesene and (E,E)-4,8,12-trimethyl- 
1,3,7,11-tridecatetraene on d 2 (Table I, d 2, mediam), some 
plants appeared to respond faster (Table I, d 2, maxima). 
CTRL leaves released (z)-S-hexenyl acetate and (E)-4,8- 
dimethyl-1,3,7-nonatriene, in addition to small amounts 
of other compounds (Table I), but no (E)-P-farnesene or 
(E,E)-a-farnesene was detected. On d 3 significantly 
more (E)-P-ocimene, linalool, (E)-4,8-dimethyl-l,3,7-non- 
atriene, (E)-P-farnesene, and (E,E)-a-farnesene were re- 
leased systemically from the SYST leaves compared to the 
CTRL leaves (Fig. 3). (Z)-3-hexenyl acetate was still re- 
leased in large amounts from the SYST leaves compared to 
CTRL leaves on d 3, but the difference was not statistically 
significant (P 5 0.09). (E)-P-farnesene and (E,E)-a-far- 
nesene were not released in detectable amounts from CTRL 
leaves, whereas (E,E)-4,8,12-trimethyl-1,3,7,1l-tridecatet- 
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raene was released in large amounts from both plants 
(Table I). 

No additional compounds were detected on d 4. Even in 
experiments that continued over 10 d, no additional com- 
pounds were detected (data not shown). The SYST leaves 
released significantly more (Z)-s-hexenyl acetate, (E)+- 
ocimene, linalool, (E)-4,8-dimethyl-1,3,7-nonatriene, (E)$- 
farnesene, and (E,E)-a-farnesene on d 4 than the CTRL 
leaves. (E,E)-4,8,12-trimethyl-1,3,7,ll-tridecatetraene was 
released from both plants in comparable amounts. 

SYST leaves released compounds that were not detected 
from CTRL leaves or only in significantly smaller amounts, 
clearly indicating that the plant was responding systemi- 
cally on d 3. Adsorption of volatiles released by the cater- 
pillar-damaged leaves outside the collection system by the 
undamaged leaves inside the collection system was highly 
unlikely because positive air pressure within the system 
prevented air from entering the volatile collection chamber 
(Fig. 1). 

A significant (P 5 0.05) increase in the amounts of vola- 
tiles released from SYST leaves over the time course of 4 d 
was observed for the amounts of systemically released 
(E)-P-ocimene, linalool, (E)-4,8-dimethyl-1,3,7-nonatriene, 
(E)-P-farnesene, (E,E)-a-farnesene, and (E,E)-4,8,12-tri- 
methyl-1,3,7,11-tridecatetraene on d 3 when compared to d 
1 (Table I). The release of (E,E)-4,8,12-trimethy1-1,3,7,11- 
tridecatetraene was significantly higher only on d 3 com- 
pared to d 1 but declined on d 4 (Table I). Although the 
amount of (Z)-3-hexenyl acetate appeared to increase over 
the 4 d (Table I), the differences were not significant. 

Over the time course of 4 d the CTRL leaves released 
significantly more linalool, (E)-4,8-dimethyl-1,3,7-non- 
atriene, and (E,E)-4,8,12-trimethyl-1,3,7,1l-tridecatetraene 
only on d 3 compared to d 1, but the release decreased 
significantly on d 4. 

The same release pattern of (E,E)-4,8,12-trimethyl- 
1,3,7,11-tridecatetraene over 4 d was observed for volatiles 
collected from SYST and CTRL leaves. The amount re- 
leased from both treatments on d 3 was significantly higher 
than the amount released on d 1, with a significant de- 
crease on d 4. In both treatments the amount of (2)-3- 
hexenyl acetate did not change significantly over time. 

Previously in our laboratory, volatiles were collected 
from caterpillar-damaged cotton plants (Loughrin et al., 
1994, 1995; McCall et al., 1994). These studies showed that 
caterpillar feeding induced, among other compounds, the 
release of isomeric hexenyl butyrates and 2-methylbu- 
tyrates and indole from damaged leaves. A11 of the com- 
pounds collected from SYST leaves in our experiment were 
inducible compounds, but no isomeric hexenyl butyrate or 
2-methylbutyrates or indole were detected. This may indi- 
cate a difference between the induced compounds released 
from the damaged site itself and the induced compounds 
released systemically from undamaged leaves. 

Some of the compounds reported here [linalool, (E)+- 
farnesene, and (E,E)-a-farnesene] were not found when 
volatiles were collected prior to peak emission times by 
McCall et al. (1994) and Loughrin et al. (1995). Loughrin et 
al. (1994) showed that these and other induced compounds 
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Figure 2. Chromatographic profiles after analy- 
ses on the methyl silicone capillary column of 
systemically released volatiles from the upper, 
undamaged leaves of a beet armyworm-dam- 
aged cotton plant collected from 12 to 3 PM each 
day for 4 d. Compounds: 1, (0-3-hexenyl ace- 
tate; 2, (O-p-ocimene; 3, linalool; 4, (0-4,8- 
dimethyl-l,3,7-nonatriene; 5, (O-p-farnesene; 
6, (€,O-a-farnesene; 7, (E,0-4,8,12-trimethyl- 
1,3,7,11 -tridecatetraene. Added reference com- 
pounds were n-octane ( [SI)  and nonyl acetate 
( 6 2 ) .  Peak numbers are the same as in Table I. 
An asterisk (*) indicates a compound in one of 
the lower chromatograms that aligns with a peak 
in a chromatogram above it. 

IS2 

I 
1 

collected from a beet armyworm-damaged cotton plant 
follow a diurnal rhythm with a peak emission from 12 to 3 
3 to 6 PM. The importance of the diurnal cycle for the 
volatile emission of induced compounds was also shown 
for corn (Turlings et al., 1995), and the peak emission times 
may vary somewhat for different plant species. In addition, 
the developmenta l  stage of the plant may play a major role, 
as shown for volatiles released by cucumber leaves of 
different ages (Takabayashi et al., 1994), and in some cases 

Figure 3. Typical chromatographic profiles after 
analyses on the methyl silicone capillary col- 
umn of volatiles released from the systemic 
treatment (SYST) and control (CTRL) leaves on d 
3 at two collection times (1 2-3 and 3-6 PM). Peak 
numbers are the same as in Figure 2 and Table I. 
An asterisk (*) indicates a compound in one of 
the lower chromatograms that aligns with a peak 
in a chromatogram above it. 
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the developmental stage of the attacking herbivore (Tak- 
abayashi et al., 1995). We have not collected systemically 
released volatiles over 24 h, but it is conceivable that their 
release may also follow a diurnal rhythm. 

A significant increase, compared to d 1, in the release of 
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from the entire caterpillar-damaged plant, these com- 
pounds were detected in significantly higher amounts after 
only 2 d (Loughrin et al., 1994). SYST leaves released 
significantly more (Z)-3-hexenyl acetate, linalool, and 
(E,E)-4,8,12-trimethyI-l,3,7,1l-tridecatetraene on d 2 when 
compared to CTRL leaves. This may indicate that the sys- 
temic release of induced compounds that required the 
transport of a signal in the plant was slower than the 
release of induced volatile compounds from a caterpillar- 
damaged site. Furthermore, the induction of a systemic 
release of volatiles in cotton after beet armyworm damage 
took longer than the induction of a systemic release of 
volatiles in corn seedlings after the application of caterpil- 
lar regurgitate to artificially damaged corn leaves. Whereas 
corn seedlings expressed a systemic response after only 5 
to 6 h (Turlings and Tumlinson, 1992), in our experiments 
cotton plants did not express a clear systemic response 
until after about 48 h. The slower-growing, perennial cot- 
ton plants contain high amounts of constitutive terpenoids 
(Elzen et al., 1985) compared to corn (Turlings et al., 1990) 
and may partially rely on those compounds for their im- 
mediate defense. Therefore the systemic response may only 
be induced by higher amounts or longer periods of dam- 
age, thus minimizing the cost of defense. 

A change in volatile release over time in the CTRL leaves 
indicated that the control plants were also subject to stress. 
Empty cages that were clamped on the bottom leaves of some 
control plants over 5 d showed no effect on the release of 
volatiles from the top leaves when compared to the release of 
volatiles from plants without cages. Plant stress causing vol- 
atile release could have been due to higher temperature (Shar- 
key and Singsaas, 1995) or lower RH in the glass collection 
chamber. The similarity in the amounts of (E,E)-4,8,12-trim- 
ethyl-1,3,7,11-tridecatetraene released by CTRL and SYST 
leaves may indicate a general stress response of the plant 
rather than a specific response to caterpillar damage. How- 
ever, the lower leaves of the control plant and the damaged 
plant shared the same air space in close vicinity. Damaged 
cotton leaves release high amounts of terpenoids (Loughrin et 
al., 1994; McCall et al., 1994), and an effect of those volatiles on 
the lower leaves of the control plant cannot be excluded as a 
possible induction factor. Possible plant-plant communication 
has been suggested for cotton plants (Bruin and Sabelis, 1989; 
Bruin et al., 1995) and some tree species (Baldwin and Schultz, 
1983). 

Release of Volatiles after Artificial Damage of SYST Leaves 

The systemically released compounds did not include a11 of 
the induced compounds previously reported from caterpillar- 
damaged plants (Loughrin et al., 1994). We conducted exper- 
iments to investigate whether the missing induced com- 
pounds, indole and the isomeric hexenyl butyrates and 
2-methylbutyrates, would be released after artificial damage 
of the SYST leaves. As expected, most of the compounds 
released after artificial damage of the upper leaves of treated 
and control plants were green leafy volatiles and constitutive 
terpenoid compounds such as a-pinene, P-pinene, myrcene, 
and caryophyllene that are typical for freshly damaged cotton 
leaves (McCall et al., 1994). Those volatiles were released in 

addition to the induced compounds previously detected in 
SYST leaves. Severa1 compounds were released from the ar- 
tificially damaged upper leaves of the systemic treatment 
(ART-SYST) in significantly larger amounts than from artifi- 
cially damaged control leaves (ART-CTRL) (Table 11). This is 
not only the case for the induced compounds but also for 
most of the constitutive compounds. Because care was taken 
to damage upper leaves of both plants to the same extent, and 
because no significant differences could be found for green 
leafy volatiles behveen the two treatments (Table 11, peaks 
1-3), it is likely that the differences in constitutive compound 
release are also induced by caterpillar feeding. In addition to 
the volatiles released by artificially damaged upper leaves of 
both plants, ART-SYST leaves released isomeric hexenyl bu- 
tyrates and 2-methylbutyrates not detected from SYST leaves, 
which indicates that leaf damage was necessary for their 
release (Table 11). 

The absence of significant amounts of indole in the volatile 
blend released from SYST and ART-SYST leaves compared to 
volatiles released from a whole, partially damaged plant in- 
dicates a difference in the volatile induction. Indole is released 
in large amounts from cotton leaves damaged for severa1 
hours by caterpillars (Loughrin et al., 1995; McCall et al., 1994) 
but is not detected in significant amounts from leaves that are 
only artificially damaged with a razor blade (U.S.R. Rose, 
unpublished data). Thus, in cotton only the caterpillar-dam- 
aged site itself appeared to release indole. This finding could 
be due to microbial activity on the damaged leaves or due to 
a difference in the induction at the damaged site compared to 
that involving a signal that travels in the plant and induces 
the systemic release of volatiles in the upper leaves. However, 
corn seedlings that were artificially damaged and treated 
with beet armyworm regurgitate released indole systemically 
(Turlings, 1994). 

Differences in the Amount of lnduced Compounds 
Released from SYST and ART-SYST Leaves 

The amounts of the induced compounds (Z)-3-hexenyl 
acetate and (E)-P-ocimene released from ART-SYST leaves 
on d 5 (Table 11) were significantly higher than from SYST 
leaves on d 4 (Table I). However, the release of other 
induced compounds, linalool, (E)-P-farnesene, and (E,E)-o(- 
farnesene, was lower from ART-SYST leaves (Table 11) 
when compared to SYST leaves (Table I). Still, the amount 
of linalool and (E)-P-farnesene released from ART-SYST 
leaves was higher than the amount released from ART- 
CTRL leaves (Table 11). No difference in the released 
amounts of the induced compounds (E)-4,8-dimethyl-1,3,7- 
nonatriene and (E,E)-4,8,12-trimethyl-1,3,7,1l-tridecatet- 
raene was observed, whether the systemically treated plant 
was artificially damaged or not. 

The higher release of the induced compounds (Z)-3-hex- 
enyl acetate and (E)-P-ocimene and the increased amount of 
constitutive terpenoids released from ART-SYST leaves com- 
pared to the amount released from SYST leaves may indicate 
that these compounds are synthesized in greater amount in 
SYST leaves and stored until the plant is attacked again. A 
resulting burst of induced and constitutive volatiles after 
damage may increase the attractiveness of the plant to para- 
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Table I I .  Composition of volatile blends collected between 1200 and 3 PM (medians over five replications with range of values [minimum to 
maximuml shown in parenthese? from the artificially damaged systemic treatment (ART-SYST) and the artificially damaged control (ART- 
CTRL) on d 5 

n, Compound not detectable. 

Peak 
No. 

Nanograms of Compound Emitted over 3 h 

ART-CTRL ART-SYST 
Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

(a-3-hexenal 
(0-2-hexenal 
(Z)-3-hexenol 
Unidentified 
Unidentified 
Unidentified 
a-Pinene 
Camphene 
j3-Pinene 
Myrcene 
(a-3-hexenyl acetate 
Hexyl acetate 
(0-2-hexenyl acetate 
Limonene 
j3-Ocimene 
Linalool 
(0-4,8-dimethyl-1,3,7-nonatriene 
(3-3-hexenyl butyrate 
(0-2-hexenyl butyrate 
(,?-3-hexenyl-2-methyI-butyrate 
(fl-2-hexenyl-2-methyI-butyrate 
(a-Jasmone 
j3-Caryophyl Iene 
a-Bergamotene 
a-Humulene 
(0-P-Farnesene 
Unknown sesquiterpene hydrocarbon 
(f,fl-cY-Farnesene 
y-Bisabolene' 
(f,fl-4,8,12-trimethyl-l,3,7,11 -trideca-tetraene 
13-Bisabolol (tentative)' 

1,034 (955-3,189) 
1,577 (914-3,l 16) 
9,922 (6,731-57,901) 
1,403b (929-2,740) 

786 (642-4,986) 
307b (144-594) 

6,510b (5,407-12,651) 
11  Ob (70-261) 

1 , l  71' (971-2,024) 
2,269b (967-4,729) 

467b (1 96-1,812) 
193b (39-286) 
65gb (481-1,298) 
107' (28-423) 

1 8b (n-54) 
4gb (28-1 54) 

n b  (n-37) 
n b  (n-33) 
n b  (n-14) 
n (n-17) 
n (n-5) 

13,302b (1 1,091-66,303) 

2,31Zb (1,193-7,570) 
80b (47-1 56) 

651'(316-2,030) 
43b (n-97) 

146b (83-255) 
n (n-16) 

1,21 4b (777-2,309) 
103 (37-334) 
946 (331-1,384) 

1,597 (501-1,813) 
2,066 (1,431-7,430) 

16,981 (5,783-1 8,985) 
4,079 (2,534-6,817) 

1,884 (1,031-2,244) 
1,887 (1,068-3,039) 

16,378 (1 3,680-36,069) 
255 (149-424) 

3,172 (2,634-7,167) 
6,860 (5,521-1 7,649) 

86,907 (47,193-1 55,600) 
3,882 (2,613-8,340) 
4,567 (1,555-1 1,812) 
1,729 (1,157-3,097) 
3,878 (2,61 O-7,374) 

188 (1 22-427) 

1,326 (602-1,777) 
886 (141-1,278) 
246 (72-1,639) 
262 (n-l,534) 

709 (204-1,570) 

54 (n-57) 
9,913 (7,870-1 3,990) 

2,614 (2,065-3,715) 
242 (1 52-465) 

1,077 (704-1,704) 
441 (294-955) 

45 (n-830) 

168 (30-294) 
1,462 (864-2,999) 

4,143 (2,982-9,104) 

a In keeping with the nonparametric analytic approach to the data, observed volatile amounts were summarized by the median and 
corresponding range (minimum-maximum) for each treatment. The Mann-Whitney U test was used to determine the significance of 
differences in volatile amounts of each compound between five ART-SYST and five ART-CTRL leaf replicates on d 5. These comparisons yielded 
a P value 5 0.05 and were considered to be statistically significant. Tentative identification based on comparison of mass spectra with 
spectra of the National lnstitute of Standards and Technology/Environmental Protection Agency/National lnstitutes of Health data base; authentic 
standard not available for direct comparison. 

sitoids. However, plant volatiles may also attract plant pests 
such as the boll weevil (Gueldner et al., 1970). Mated female 
moths of cabbage loopers (Trichoplusia ni) are attracted to 
cotton plants damaged by caterpillars for about 20 h, whereas 
the attractiveness of cabbage plants to the moth is decreased 
after damage (Landolt, 1993). It is interesting that for ovipo- 
sition these moths preferred undamaged cotton and cabbage 
plants. The systemic release of compounds throughout the 
entire cotton plant after 2 d may decrease the attractiveness of 
the plant to the moth for oviposition even more. Severa1 
sesquiterpenes found in pigment glands of cotton plants are 
toxic to cotton insect pests and exhibit feeding-deterrent ac- 
tivity toward cotton pests (Meisner et al., 1977). Therefore, 
SYST leaves with elevated levels of constitutive terpenoids 
are likely to be less preferred or unsuitable as caterpillar food. 
Higher amounts of constitutive compounds in systemically 
induced leaves could function as a feeding deterrent for her- 

bivores and protect the youngest leaves that are more attrac- 
tive to herbivores than older leaves because of their high 
concentrations in nutrients (Mattson, 1980; Rauppe and 
Denno, 1983). Beet armyworm larvae that are given a choice 
of systemically induced cotton leaves and undamaged control 
leaves avoided feeding on the induced leaves after 3 d but fed 
on induced leaves for the first 2 d (Alborn et al., 1996). 
Therefore, the production of feeding-deterrent compounds 
coincides with the release of systemically induced volatiles in 
cotton plants, possibly indicating to the moth that a plant is 
unsuitable for oviposition. The systemically released (E)+- 
farnesene, a known alarm pheromone in aphids (Bowers et 
al., 1972), may even protect induced cotton plants from aphid 
infestation. 

The ability of crop plants to react faster to caterpillar dam- 
age and to release higher amounts of induced defense chem- 
icals should be considered by plant breeders as criteria in 
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selecting improved cultivars. A Florida naturalized cotton 
variety is reported to have higher contents of constitutive 
terpenoids and is a less preferred food source for Lepidoptera 
larvae (Loughrin et al., 1995). With the help of genetic tech- 
niques it may be possible to engineer plants that combine the 
high yield of cultivated varieties with the greater ability of 
naturalized varieties to defend themselves. 
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